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5 DOMAIN MOTIONS IN BACTERIOPHAGE
T4 LYSOZYME; A COMPARISON BETWEEN
MOLECULAR DYNAMICS AND
CRYSTALLOGRAPHIC DATA
B.L. de Groot, S. Hayward, D.M.F van Aalten, A. Amadei and
H.J.C. Berendsen
PROTEINS: Struct. Funct. Gen. 31: 116-127 (1998)
Summary
A comparison of a series of extended Molecular Dynamics simulations of bac-
teriophage T4 lysozyme in solvent with X-ray data is presented. Essential
Dynamics analyses were used to derive collective uctuations from both the
simulated trajectories and a distribution of crystallographic conformations.
In both cases the main collective uctuations describe domain motions. The
protein consists of an N- and C-terminal domain connected by a long he-
lix. The analysis of the distribution of crystallographic conformations reveals
that the N-terminal helix rotates together with either of these two domains:
the main domain uctuation describes a closure mode of the two domains in
which the N-terminal helix rotates concertedly with the C-terminal domain,
while the domain uctuation with second largest amplitude corresponds to a
twisting mode of the two domains, with the N-terminal helix rotating con-
certedly with the N-terminal domain. For the closure mode, the dierence in
hinge-bending angle between the most open and most closed X-ray structure
along this mode is 49 degrees. In the MD simulation that shows the largest
uctuation along this mode, a rotation of 45 degrees was observed. Although
the twisting mode has much less freedom than the closure mode in the distri-
bution of crystallographic conformations, experimental results suggest that it
might be functionally important. Interestingly, the twisting mode is sampled




The notion of domain motions in hen lysozyme, inferred from its X-ray struc-
ture
125, 126
, is more than twenty years old
127
. Although bacteriophage T4
lysozyme (T4L) has a very dierent structure, the domain character of the
protein is even more pronounced
128
. From the dierences between crystal-
lographic structures of various mutants of T4L it has been suggested that a
hinge-bending mode of T4L is an intrinsic property of the molecule
129{131
.
This hypothesis was recently qualitatively supported by studies of T4L in so-
lution
132
. Also from computer simulations domain motions of the wild-type
protein have been observed
52, 133
. The domain uctuations are predicted to
be essential for the function of the enzyme, allowing the substrate to enter
and the products to leave the active site. Crystallographic studies of a mu-
tant T4L
134
in which a substrate is covalently bound to the enzyme, suggest
that the substrate-bound enzyme is locked in a state in which the two do-
mains have closed around the substrate with respect to the unbound state.
The unbound enzyme is expected to display a larger hinge-bending angle on
average.
More than 200 T4L structures crystallised in more than 25 dierent crys-
tal forms are present in the Protein Data Bank
131
. Assuming that each crys-
tal structure represents a possible conformation in solution, this provides a
unique experimental view on the conformational exibility of the protein at
atomic resolution. Information on conformational freedom of proteins is usu-
ally obtained from only a few experimental structures
135{137
but dynamics of
proteins is so complex that these few structures give only an extremely limited
view of the dynamics involved. For T4L, the comparatively large number of
dierent experimental conformations should provide us with a more detailed
picture of its dynamical behaviour which can then be sensibly compared to
an MD simulation
87
. This provides the opportunity to assess the reliability
of MD simulations.
T4L is a good system to study, not only for its large number of X-ray
conformers but also because it is a rather small domain protein suitable for
MD simulation. As domain proteins are usually relatively large, only few
MD studies have been published in which domain motions were extensively
studied
52, 55, 84, 138{141
.
In this study, a detailed comparison is made between the collective (do-
main) uctuations in T4L derived from the distribution of X-ray structures
and from extensive MD simulations in solvent. Three simulations were con-
ducted, each of one nanosecond, starting from dierent experimental struc-
tures. The Essential Dynamics (ED) analysis
78
was applied both to the dis-
tribution of X-ray and MD structures to separate small-amplitude uctua-
tions from large-amplitude global uctuations. The largest-amplitude collec-
tive uctuations from the X-ray distribution and from MD were subjected
to domain and hinge-bending analyses
55, 56
to monitor domain uctuations.
Collective uctuations derived from MD can be expected to be aected by
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limited sampling
109, 110, 142
or imperfections in the inter-atomic interactions
or force eld. On the other hand, the crystallographic structures may not be
representative of solvent-accessible conformations for the wild-type as they
may be aected by the dierent mutations or by crystallisation conditions
and/or crystal contacts
131
. Despite these reservations a good correspondence
between the MD results and X-ray analysis is obtained. Additionally, the de-
tailed analyses of the domain uctuations in T4L reveal interesting dynamical
aspects that may be important for the function of the protein.
Methods
MD simulations
Three simulations were performed, each of one nanosecond. The rst simu-
lation, of the wild-type protein, started from a high-resolution X-ray struc-
ture
143
(PDB entry 2LZM). This simulation will from now on be referenced
to as WT. The second simulation (M6I) was of the mutant M6I (methionine
6 replaced by isoleucine) and started from the X-ray structure with largest
hinge-bending angle of this mutant
129
(PDB entry 150L, hinge-bending angle
31 degrees more open than the WT X-ray structure). The coordinates of
the three C-terminal residues not present in this crystal structure were taken
from the most closed conformation from the same PDB entry. The third sim-
ulation started from the same structure, now mutated back to the wild type
(WT*). All simulations were performed in a periodic box lled with SPC
98
water molecules (also crystallographic water molecules were included). Polar
and aromatic hydrogens were added to the protein. In each of the simulated
systems, 8 Cl
 
ions were added to compensate the net positive charge on the
protein. These ions were introduced by replacing water molecules with the
highest electrostatic potential. This added up to a total of 19195 atoms for
the WT simulation and 17101 for the M6I and the WT* simulation. Prior to
the simulations, the structures were energy-minimised for 100 steps using a
steepest-descents algorithm. Subsequently the structures were simulated for
10 ps with a harmonic positional restraint on all protein atoms (force constant




) for an initial equilibration of the water molecules.
Production runs of 1 ns started from the resulting structures. All simulations
were run at constant volume. The temperature was kept constant at 300 K
by weak coupling to a temperature bath
99





force eld was used with additional terms for aromatic hy-
drogens
6




was used to constrain bond lengths, allowing a time step of 2 fs. A twin-
range cut-o method was used for non-bonded interactions. Lennard-Jones
and Coulomb interactions within 1.0 nm were calculated every step, whereas
Coulomb interactions between 1.0 and 1.8 nm were calculated every ten steps.
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Apart from conventional structural and geometrical analyses to assess the sta-
bility of the structures during the simulation, ED
78
analyses were utilised to
study large concerted motions. The method yields the directions in congu-
rational space that best describe concerted atomic uctuations and is related
to principal component analysis and quasi-harmonic analyses
73, 76, 77, 94, 145
.
It consists of diagonalisation of the covariance matrix of atomic uctuations,
after removal of overall translation and rotation. Resulting eigenvectors are
directions in congurational space that represent collective motions. Corre-
sponding eigenvalues dene the mean square uctuation of the motion along




An ED analysis was performed on a cluster of X-ray crystallographic
structures. Only structures from dierent crystal forms were included in the
analysis. Zhang et al.
131
described 25 dierent crystal forms. From their














































.ED analyses were performed on the cartesian coordinates of the main
chain N, C- and C coordinates. Residues 163 and 164 were excluded from
the analysis because their coordinates were absent in many of the pdb entries.
The same atoms were used in the ED analyses of the MD simulations.
Analyses were performed on each individual MD trajectory (as the potential
energies appeared to stabilise in less than 100 ps, the rst 100 ps of each
trajectory were disregarded) and on a combination of the three simulations.
In this combination, the three simulations were not simply concatenated, be-
cause the eigenvectors would then be inuenced by the dierences between the
average (starting) structures of each simulation. To remove the bias caused
by these static dierences, only the uctuations from the average structure
in each simulation were taken into account. This analysis implies the ap-
proximation that there are no systematic dierences between the individual
simulations. This combined analysis will be referenced to as MD ALL.
ED analyses were carried out using the WHAT IF program
101
. Domains
and hinge axes were identied and characterised using the DYNDOM pro-
gram
55, 56
. The method analyses conformational changes in terms of rota-
tional properties. Dynamic domains are identied by clustering each residue's
rotation vector in a particular collective mode of motion.
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Results
Figure 5.1 shows the root mean square deviation (RMSD) during the three
free simulations with respect to the WT X-ray structure and to the most
open M6I X-ray structure. Deviations from the respective starting structures
are relatively large, suggesting large structural uctuations. The dierence
between the two starting structures (0.26 nm) is approximately as large as
the drifts from the starting structures in each simulation.
Atomic uctuations in the set of of X-ray structures were compared to
the crystallographic B-factors averaged over the 38 experimental structures
and to the atomic uctuations calculated from the MD simulations (Fig. 5.2).
There is poor correspondence between the average B-factors and the atomic
uctuations in the distribution of X-ray structures (correlation coecient of
0.55) but there is good correspondence between the atomic uctuations in the
X-ray and MD distribution (correlation coecient of 0.85).






























Figure 5.1 Root mean square deviatation of C- atoms from the WT X-ray
structure (upper panel) and from the most open M6I ('D') X-ray structure (lower
panel).
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Fig. 5.3. shows the eigenvalues of the ED analyses of the set of X-ray struc-
tures and of the combination of the three MD simulations (MD ALL). The
eigenvalue curve is very steep in the X-ray analysis with the rst eigenvector
contributing 86 % to the total mean square uctuation. For MD ALL, the
eigenvalue curve is less steep and therefore more eigenvectors are required to
achieve the same level of approximation of the total mean square uctuation.
The domain analysis
55, 56
was performed on the motions along single eigen-
vectors to ascertain whether these main modes of correlated uctuation cor-
respond to domain motions. Table 5.1 and Fig. 5.4 show that the two most
dominant of these modes extracted from the distribution of X-ray structures
clearly correspond to the motion of two quasi-rigid bodies with respect to
each other
56
. For both modes there are two distinguishable domains. The
C-terminal domain is largest and ranges from approximately residue 75 to
the C-terminus. The smaller N-terminal domain ranges from approximately












corr. coeff. x−ray vs. MD_ALL: 0.85
corr. coeff. x−ray vs. B−fact: 0.55







being the calculated atomic mean square uctuation) of main
chain atoms in the X-ray cluster compared to the B-factors averaged over the
38 crystal structures and to the atomic uctuations averaged over the three MD
simulations.
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residue 13 to 65. The rst ten N-terminal residues are not statically part
of the N- or C-terminal domain, but uctuate correlated with either of the
two domains: with the C-terminal domain in the rst eigenvector and with
the N-terminal domain in the second. The transition between the N- and
C-terminal domains is located between residues 65 and 75, in the middle of
the inter-domain helix. The exible link between the rst ten residues and
the N-terminal domain consists of residues 11 and 12.
The assignment of residues to the domains given above was used to extract
the axes around which the domains rotate with respect to each other. The
calculated inter-domain screw-axes are shown as arrows in Fig. 5.4 for the
rst and second eigenvectors from the ED analysis of the X-ray cluster. Both
axes are \eective hinge axes"
56
as they pass near the residues shown to be
involved in the inter-domain motion (see table 5.1). The rst eigenvector
corresponds (mainly) to a closure motion
55
(dened by an eective hinge axis
perpendicular to the line connecting the centers of mass of the two domains)





































Figure 5.3 Eigenvalues obtained from the Essential Dynamics analyses of the
cluster of X-ray structures and of the combination of MD simulations. The inset
shows the cumulative contribution of the eigenvectors to the total mean square
uctuation.
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X-ray, e.v. 1 X-ray, e.v. 2 MD ALL, e.v. 1 MD ALL, e.v. 2
domain A 14-66 1-65 15-63 12-66
domain B 1-10, 81-162 74- 162 1-12, 75-162 70-162
connecting regions 11-13, 67-80 66-73 13-14, 64-74 1-11, 67-69
angle of rotation 47.1 16.0 39.4 34.5
residues near axis 12,13,29,71-76 6,7,49,50,66,67 13,29,59,102 12,67,69,70
angle k 66.5 37.1 29.2 75.3
% closure motion 84.1 36.5 23.9 93.5
Table 5.1 Domain analyses of the two modes with largest amplitudes from X-ray
and MD ALL. Residues were marked near to the eective hinge axis if their C
atoms were found within 3

A of the axis. Angle k denotes the angle between the
eective hinge axis and the line connecting the two centers of mass of the two
domains.
(table 5.1, Fig. 5.4A). The angular dierence between the most open (PDB
entry 178L
147
) and the most closed conguration (PDB entry 152L) is as
much as 47 degrees (table 5.1). From the clustering of the endpoints of the
rotation vectors in Fig. 5.4A it is visible that the ten N-terminal residues
rotate together with the C-terminal domain. The second eigenvector consists
(mainly) of a twisting of the two domains, with the eective hinge axis being
more parallel to the line connecting the two centers of mass. (table 5.1, Fig.
5.4B). From the clustering of the atoms in Fig. 5.4B it can be seen that the
rst ten residues now rotate more concertedly with the N-terminal domain.
Domains were identied also from the rst two modes of the MD ALL
analysis (table 5.1, Fig. 5.5) and there is good correspondence with the do-
main demarcation obtained from the X-ray analysis. Again, residues 11-14
and 65-80 form the dynamical links between the two domains. The dynamic
behaviour of the N-terminal helix is less pronounced than in the analysis of
X-ray structures. It is assigned to the C-terminal domain along the rst mode
(twist) and is identied as intermediate region along the second mode, which
describes a closure mode.
All X-ray and MD structures were projected onto the plane spanned by
the two eigenvectors with largest eigenvalue from the distribution of X-ray
conformations to compare the kind and extent of uctuation in the X-ray
structures and MD (Fig. 5.6). All MD simulations uctuate signicantly in
this plane, indicating that the main modes of collective uctuation in the
X-ray cluster are accessible during MD. This is in agreement with with pre-
vious ndings
87
. There are dierences between the regions sampled in this
plane by X-ray and MD, however. The WT simulation shows a 25 degrees
opening of the structure along the rst X-ray eigenvector with respect to its
starting conguration but does not reach any of the most open congurations
observed in the X-ray cluster. The M6I simulation starts from a more open
conguration and closes 29 degrees, reaching a hinge-bending angle almost
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Figure 5.4 Backbone structure (left) and rotation vectors (right) of T4L. End
points, depicted as beads, of rotation vectors per residue (the beads are con-
nected as in the amino-acid sequence) were used to identify the domains. The
grayscales indicate the dierent clusters (domains) that were assigned (light and
dark residues) and the inter-domain regions (intermediate grayscale) based on
the rotation vectors. The arrow indicates the direction of rotation of the light
domain relative to the dark domain by the thumb rule of the right hand. Panel
A: Eigenvector 1 from the X-ray cluster. Displayed is the most open conforma-
tion with the arrow indicating the closure motion. Panel B: Eigenvector 2 from
the distribution of X-ray conformations. Domain analyses were performed by
DYNDOM
56






Figure 5.5 Domain identication from the rst (left) and second (right) mode
from MD ALL. As in Fig. 5.4, grayscales indicate the dierent clusters (domains)
that were assigned (light,dark) and the inter-domain regions (intermediate gray)
from the rotation vectors. Domain analyses were performed by DYNDOM
56
.





equal to that of the WT X-ray structure. Both the M6I simulation and the
WT simulation spend most of the time at a hinge-bending angle between 7
and 19 degrees more open than the WT X-ray structure. The WT* simu-
lation initially closes and also reaches a conformation similar to that of the
WT X-ray structure. After that it opens up again and reaches a conforma-
tion with a hinge-bending angle 45 degrees more open than that of the WT
X-ray structure, slightly more open than the X-ray structure with largest
hinge-bending angle. Along this rst eigenvector there seem to be two dis-
tinct clouds in the cluster of X-ray structures with only two congurations
in between. This is consistent with a two-state mechanism postulated on the
basis of these structures
131
. The simulations do not support this hypothesis,
however, and indicate that intermediate structures are equally accessible.
The position along the second X-ray eigenvector, which mainly describes
a twisting mode, uctuates uncoupled from the position along the rst eigen-
vector, both in the X-ray cluster as well as in the three MD simulations. The
amplitude of the uctuation in this direction is larger in each of the three
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simulations than in the cluster of crystal structures.
Table 5.2 lists inner products between eigenvectors obtained from the clus-
ter of X-ray structures and those obtained from MD. This provides a quanti-
tative measure of the overlap in modes of motion derived from the two tech-
niques. Table 5.2a shows that the two eigenvectors with largest eigenvalue
from the X-ray analysis are to a large extent present in the space spanned
by the rst ve eigenvectors obtained from each simulation. This means that
the modes of domain motion extracted from the dierences between the X-ray
conformations are also among the most dominant ones in the simulations. It
is interesting to note that the overlap between eigenvectors extracted from the
























Figure 5.6 Projections (in nm) onto the plane spanned by the two eigenvectors
with largest eigenvalues extracted from the cluster of X-ray structures. Upper left
panel : X-ray structures; upper right panel : structures from the WT simulation;
lower left panel : structures from the M6I simulation; lower right panel : structures
from the WT* simulation. The arrows indicate the starting structures of each
simulation. In the horizontal direction, structures dier from each other along
the closure mode (structures to the left are more open than those on the right);
the vertical direction depicts the twisting mode.
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combination of the three MD simulations (MD ALL) and the X-ray eigenvec-
tors is larger than the average of the overlaps between the X-ray eigenvectors
and those extracted from each of three simulations individually. When the
MD simulations are compared to each other in the same fashion (table 5.2b),
the overlap is on average lower than with the X-ray structures (table 5.2a).
Therefore, the main modes of motion derived from each of the MD simula-
tions are more similar to the main collective uctuations derived from the
X-ray cluster than to those from the other MD simulations.
In order to compare with the qualitative results of Mchaourab et al.
132
,
uctuations of the distances between selected pairs of -carbon atoms were
monitored along the two most prominent modes of collective uctuation
derived from the cluster of X-ray structures (Table 5.3). The pairs were
selected to study the dierence in conformation between the protein free
in solution and covalently bound to a substrate. The uctuations of the
distances between pairs 35-137, 22-137, 4-71 and 4-60 are mainly ruled by
a.
X-ray eigenvector




MD ALL 0.92 0.77
b.
WT eigenvector








e.v. 1-5 1 2
WT 0.64 0.54
M6I 0.85 0.76
Table 5.2 a. & b. Summed squared inner products between one eigenvector
of one set and the rst ve of another. a. MD eigenvectors compared to X-ray
eigenvectors. b. MD eigenvectors from dierent simulations compared to each
other.
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Spin labeling X-ray
Pair upon substrate uctuation
binding distance aected by
35-137 decreases closure




35-109 - closure (twist)
Table 5.3 Fluctuation of distances between pairs of -carbon atoms along the
rst (closure) and second (twist) collective mode of uctuation derived from the
cluster of X-ray structures (selection of the pairs after Mchaourab et al.
132
).
the uctuation along the eigenvector with largest eigenvalue, describing a
closure motion. The observed spin-spin interactions
132
are consistent with
a shift along the closure mode (towards closing) upon substrate binding.
The distance between residues 35 and 109, however, hardly changes upon
'substrate release' although a uctuation along the closure mode signicantly
inuences the distance between this pair. The distance between residues
22 and 109 does change upon 'substrate release' but the uctuation of the
distance is much more connected with the twisting mode than with the
closure mode, suggesting that substrate binding may also aect the twisting
mode.




The collective uctuations in T4L comprise, for the largest part, domain
motions. The most dominant modes of uctuation in the X-ray analysis
as well as in all MD analyses correspond to external motions of the domains
with respect to each other. Moreover, the main modes of uctuation obtained
from the cluster of X-ray structures are very similar to those obtained from
simulation. The amount of overlap between X-ray and MD modes is larger
than between modes of two similar MD runs. This is remarkable because it has
been observed previously
108{110, 142
that the denition of single eigenvectors
in an ED analysis has not converged in simulations over time periods in the
order of nanoseconds. A possible explanation for this phenomenon lies in the
domain character of the protein, which causes two modes of domain motion
to dominate over all other uctuations: the domain uctuations observed
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in the X-ray cluster are among the most extensively sampled directions in
all MD simulations. The incomplete mutual overlap between MD modes
is mainly due to insucient sampling statistics, suggesting that longer MD
simulations will show an even larger amount of overlap with the cluster of
X-ray structures. The most important conclusion from the comparison of
structural variability in X-ray andMD-generated structures is that MD indeed
samples the important, physically relevant space, thus validating the MD
method for application to protein dynamics.
The domain uctuations in the MD simulations indicate that both the
wild-type protein and the M6I mutant uctuate signicantly along the do-
main modes derived from the X-ray cluster. This is consistent with the hy-
pothesis by Zhang et al.
131
that domain motions are an intrinsic property
of the T4L molecule. The results by Mchaourab et al.
132
further support
this nding. From the simulated data there is no evidence for the proposed
two-state mechanism
131
for the main hinge-bending mode. The WT and M6I
simulation do show a preference for intermediate hinge-bending angles for this
mode (angles between 7 and 19 degrees more open than the WT X-ray struc-
ture) but the WT* simulation indicates that also more open congurations
are easily accessible. Since there is no topological dierence between the WT
and the WT* simulation, a lack of sucient sampling seems the most prob-
able cause for the apparent dierence between these simulations. Since also
the dierences between the M6I simulation and the WT and WT* simulations
are not larger than the dierence between the WT and WT* simulation, the
conclusion that the hinge bending properties of the M6I mutant are close to
those of the WT protein seems justied. This supports our assumption that
the combination of the three MD trajectories for ED analysis (MD ALL) is
valid.
In a recent study, Arnold and Ornstein also presented results from MD
simulations on native T4L and the M6I mutant
133
. They found that in all
their simulations the protein went to a more compact conformation and con-
cluded that a conformation more closed than the WT crystal structure would
be the most stable conguration in solution. These ndings are not supported
by our results. We observe that in all simulations, the large majority of sam-
pled conformations displays a more open conformation than the WT X-ray
structure. A possible explanation of this apparent discrepancy is the dierence
between simulation protocols used. We have used a periodic box lled with
a large number of solvent molecules (approximately 5000), whereas Arnold
and Ornstein used a shell of solvent containing approximately 2200 water
molecules. Protein dynamics in simulations using a shell of solvent molecules
might be aected by surface tension eects in such small droplets, resulting
in unrealistically compact structures. Since in both cases three simulations
have been performed, with consistent results, limited statistics can proba-
bly be ruled out as a possible explanation for this observation. Interestingly,
Arnold and Ornstein reported that the conformational change towards more
compact structures did reveal the domain character of the protein, suggesting
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once again that domain motions are among the most prominent collective
uctuations of T4L.
The domain modes obtained from MD and the cluster of X-ray structures
are essentially similar (Fig. 5.4, Fig. 5.5., Tables 5.1 & 5.2). The protein
consists of two domains; an N-terminal domain comprising residues 15 to
65 and a C-terminal domain that ranges from residue 80 to the C-terminus.
Residues 70-75, residing in the C-terminal half of the inter-domain helix, form
the dynamical bridge between the two domains. The behaviour of the ten N-
terminal residues is complex. In the main domain uctuation derived from
the X-ray cluster, mainly a hinge-bending mode describing a closure motion
between the two domains, this N-terminal helix rotates concertedly with the
C-terminal domain. Along the collective uctuation with second largest am-
plitude however, which mainly consists of a twisting of the two domains, this
helix appears to be part of the N-terminal domain. The two main modes of
collective uctuation obtained from MD basically form a linear combination
of the rst two modes from the X-ray cluster. Therefore, the dynamical be-
haviour of the N-terminal helix is inuenced by both the N- and C-terminal
domains in these modes and the assignment to either domain is less evident
(Fig. 5.4, Table 5.1). Concluding, the N-terminal helix is not a static part
of either of the two domains but rather adapts its dynamical behaviour to
the kind of domain motion. Upon opening, contacts with residues 93-97 and
the C-terminal residues push the N-terminal helix away from its original po-
sition. The exible loop connecting it to the N-terminal domain (the rotation
is concentrated around GLU11 and GLY12) allows it to move concertedly
with the C-terminal domain along the closure mode. The absence of such a
steric eect in the twisting mode causes the helix to move concertedly with
the N-terminal domain in this mode.
The large amount of overlap between the domain uctuations in the clus-
ter of X-ray structures and the MD simulations is the main reason for the
close agreement of the atomic uctuations in both clusters (Fig. 5.2). The
much smaller correlation between the uctuations in the cluster of X-ray
structures and the averaged B-factors, together with the signicantly lower
average level of the B-factors suggests that the main domain motions are
signicantly suppressed in most of the crystal environments included in this
analysis. Although the pattern of thermal factors in some cases (especially
those in 176L A, 176L B, and to a lesser extent also 2LZM (WT)) does sug-
gest some degree of domain uctuation
143
, we can conclude that, at least
for exible proteins, B-factors may be a less reliable indication of motional
freedom in solution than uctuations derived from MD.
Apart from the similarities between the uctuations in MD and the X-ray
cluster, there are also a few discrepancies. One of the most striking dierences
is in the shapes of the eigenvalue curves (Fig. 5.3). For the X-ray cluster there
is one dominating collective uctuation (the closure mode) which accounts for
86 % of the total uctuation, and the rst ten eigenvectors together represent
98 % of the uctuation. In MD, the rst mode only contributes 29 % to
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the total uctuation and the rst ten together represent 79 %. This is not
the result of the fact that there far fewer structures present in the X-ray
cluster (38) than in the MD cluster (27.000) (when a subset of 38 structures,
equally spaced in time, is taken from the MD ALL cluster, the rst eigenvector
contributes 32 % and the rst ten eigenvectors 85 % to the total uctuation).
This indicates that in the MD, a larger number of collective uctuations
than in X-ray make a signicant contribution to the total uctuation. The
dierence in sampled regions in the two main directions from the X-ray cluster
is illustrated by Fig. 5.6. Both the WT and M6I simulations do not sample the
complete range of hinge-bending angles along the main closure mode derived
from the X-ray cluster. The WT* simulation, however, indicates that this is
the result of limited sampling, since in this simulation almost the complete
range that is present in the X-ray cluster is sampled in one nanosecond. For
the eigenvector with the second largest eigenvalue derived from the cluster of
X-ray structures, the twisting mode, the uctuation in all three simulations
is larger than in the X-ray cluster (Fig. 5.6). Limited sampling in MD cannot
be the explanation for this observation since this direction is oversampled
with respect to the X-ray cluster. Also, the eect of mutations in the cluster
of X-ray structures is not likely to be the reason for this discrepancy since
one could expect the mutations to result in a larger uctuation rather than
smaller, with respect to the WT protein. If one assumes that in 25 dierent
crystal forms all conformational freedom has been sampled, then only the
eect of crystallisation conditions and/or crystal contacts or the used force
eld in MD remain as possible explanations for this dierence. Further studies
(e.g. NMR) will be necessary to distinguish which is the main eect.
The investigation of the uctuation of distances between selected pairs of
-carbon atoms (Table 5.3) shows that for four out of the six investigated
pairs, the experimentally observed changes in distances in solution are in
accordance with an opening along the closure mode upon transition from
the substrate-bound state to the substrate free state. The uctuation of
the distance between residues 22 and 109, which is found to change upon
'substrate release' is more connected with the twisting mode than with the
closure mode, however. This suggests that also the twisting mode is aected
by the presence of the substrate. Another distance, between residues 35 and
109, does not seem to change much upon 'substrate release' but is aected
substantially by the closure mode. A possible explanation for this observation
is a partial compensation by a change along the twisting mode, which also
makes a signicant contribution to the uctuation of this distance. This is
a further indication that not only the closure motion but also the twisting
mode is relevant for the function of this protein and that the two modes are
concertedly involved in the dynamics of substrate binding. Interestingly, all
MD simulations display a larger extent of uctuation along the twisting mode
than is observed in the cluster of X-ray structures (Fig. 5.6).
In summary, we conclude that T4 lysozyme exhibits a mixture of two
hinge-bending modes (a closure and a twist) which are both involved in the
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dynamic response to substrate binding. Furthermore, we have shown that
MD simulations of this protein provide reliable predictions of its functional
dynamics.
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